The Fukushima Daiichi Nuclear Power Plant (NPP) 1 was severely damaged from the chain reaction of the Great East Japan Earthquake and Tsunami on 11 March 2011, and the consequent meltdown and hydrogen gas explosions. This resulted in the worst nuclear accident since the Chernobyl accident of 1986. Just as in the case of Chernobyl, emergency workers were recruited to conduct a wide range of tasks, including disaster response, rescuing activities, NPP containment, and radiation decontamination. This paper describes the types and efficacy of the various occupational health interventions introduced to the Fukushima NPP radiation workers. Such interventions were implemented in order to prevent unnecessary radiation overexposure and associated adverse health effects and work injuries. Less than 1% of all emergency workers were exposed to external radiation of >100 mSv, and to date no deaths or health adversities from radiation have been reported for those workers. Several occupational health interventions were conducted, including setting of new regulatory exposure limits, improving workers' radiation dosimetry, administration of stable iodine, running an occupational health tracking system, and improving occupational medicine and preventative care. Those interventions were not only vital for preventing unnecessary radiation, but also for managing other general health issues such as mental health, heat illness and infectious diseases. Long-term administration of the aforementioned occupational health interventions is essential to ensure the ongoing support and care for these workers, who were put under one of the most severe occupational health risk conditions ever encountered.
INTRODUCTION
The Fukushima Daiichi Nuclear Power Plant (NPP) 1, which is owned and operated by the Tokyo Electric Power Company (TEPCO) was severely damaged by the Great East Japan Earthquake and Tsunami on 11 March 2011. The tsunami destroyed the direct current power supply, resulting in complete loss of the power supplied to the NPP cooling systems. Consequently, the overheated NPP reactor cores that underwent a meltdown and hydrogen gas explosions dispersed large amounts of radionuclide materials into the vicinity [1] . The Japanese Government then declared a nuclear emergency, and TEPCO undertook emergency work to stabilize and cool off the nuclear reactor, during which various occupational health risks were encountered. The government declared that the affected plant had been stabilized on 16 December 2011. Approximately 20 000 workers were engaged in the various jobs to mitigate the accident inside the TEPCO Fukushima Daiichi nuclear power station from 14
March to 16 December 2011. During this period, the dose limit for the emergency work was temporarily increased from 100 mSv to 250 mSv. The Ministry of Health, Labour and Welfare (MHLW) defined these workers as emergency workers [2] .
On the other hand, in the Chernobyl accident, ∼600 workers who were involved in emergency work on 26 April 1986 when the accident happened were defined as emergency workers [3] . In addition, >500 000 workers were involved in the recovery operation work, including the cleanup of the Chernobyl accident site.
There are two main pathways of exposure to ionizing radiation (hereafter shortened to 'radiation') in humans: 'external' exposure of radioactive materials from outside the body, and 'internal' exposure via consumption or inhalation of contaminated materials. The health hazards resulting from radiation exposure are usually classified into two categories: 'deterministic effects' and 'stochastic effects' [4] . Deterministic effects are now referred to as 'tissue reactions', because it is increasingly recognized that some of these effects are not determined solely at the time of irradiation but can develop after exposure [5] . Tissue reactions cause erythema, epilation, fetus abnormality, sterility, and acute radiation syndrome (ARS), which includes bone marrow (BM), gastrointestinal tract (GIT) and cardiovascular disorders ( Fig. 1 ) [4] . Threshold doses for tissue reactions depend on tissues and the severity of tissue reactions depends on radiation dose. The radiation exposure threshold has been estimated at ∼100 mSv for fetal abnormalities and 120-200 mSv for severe mental retardation, based on the results from health surveys of the atomic bomb survivors of Hiroshima and Nagasaki who were exposed in utero [6] . There is no evidence of a significant increase in transgenerational genetic effects following radiation exposure of the atomic-bomb survivors in Hiroshima and Nagasaki, or of patients who have received radiotherapy [7, 8] .
On the other hand, it can be assumed that stochastic effects have no threshold and are proportional to the absorbed dose. Such exposures could cause cancers such as leukemia ( Fig. 1 ) [4] . Among the 237 Chernobyl emergency workers, ARS was verified in 134 of these individuals. Of these 134 patients, 28 died within the first four months, and there have been four confirmed cases of solid cancer, three cases of myelodysplastic syndrome, one case of acute myelomonoblastic leukemia and one case of chronic myeloid leukemia [3] .
According to the large cohort study of the Russian recovery operation workers (>142 000), a total of 48 cases of leukemia (including chronic lymphatic leukemia) were diagnosed in the period 1986-1993. For the larger number of emergency and recovery operation workers, there are indications of an increased incidence of leukemia and cataracts among those who received higher doses, although further clarification of the epidemiological information is still needed. Cancer risks for human exposure to radiation are estimated by using the Life Span Study Cohort from the atomic bomb survivors of Hiroshima and Nagasaki [9] . Their cancer risks increased dose dependently [9] . However, radiation risks below ∼100 mSv are not able to be estimated directly from the epidemiological data.
Therefore, workers who were exposed to doses exceeding the dose limit for normal radiation work during the period of emergency work may have to be investigated for the possible increase of occurrence of late-onset health impairments, including cancer [10] .
Although little is known about the health risks involved with low-dose radiation, associated cancer risks at such an exposure level tend to be lower than for high-dose radiation, and the effects of longterm low-dose exposure are generally milder than those of short-term high-dose exposure to the same total dose [11] . The International Commission of Radiological Protection (ICRP) applies a Dose and Dose Rate Effectiveness Factor (DDREF) of 2 to allow for the reduced effectiveness of low-dose-rate radiation [10] . WHO and the United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) published the report for the cancer risk of radiation workers involved in the Fukushima accident [12, 13] . For those few emergency workers who received very high doses to the thyroid (∼11 Gy), a notable risk of thyroid cancer is estimated, especially for young workers. However, any increased incidence of cancer in relation to the Fukushima accident is expected to be undetectable because of small variations being hidden by the normal statistical fluctuations in cancer incidence. Epidemiological studies require a large sample size to statistically detect the risks of low-dose radiation; hence, the risks associated with low doses of radiation remain uncertain [14, 15] .
MHLW recently summarized the aim of long-term health monitoring of Fukushima workers [16] . Such surveillance could clarify the health risks associated with long-term and low-dose radiation exposure. This paper describes and outlines the occupational health interventions used to prevent unnecessary radiation exposure and related health adversities for the Fukushima NPP radiation workers, and evaluates the efficacy of those programs in preventing radiation harm and other occupational injuries. It is important to note that, since the interventions were exclusively public health activities and not research studies, no consent was obtained from the workers to incorporate their surveillance data into health risk assessments.
DOSE RESTRICTIONS
It is expected that the radiation exposures of radiation workers are higher than that of the public in any nuclear or radiological incident [17] . Health risks associated with long-term radiation exposure have become a major concern after the Fukushima accident. The ICRP generally recommends the occupational dose limit is an effective dose of 20 mSv/year, averaged over 5-year periods, without exceeding 50 mSv in any single year in a planned exposure situation [10] . In an emergency exposure situation, such as the serious accident at the Fukushima NPP, the reference level of occupational exposure in emergency could be 500 mSv or 1000 mSv except during life-saving actions if urgent rescue operations are required [10, 18] . Considering their recommendations, the Radiation Council in Japan debated raising the emergency dose limits from 100 mSv to 250 mSv, even before the Fukushima accident, in order to maximize general public protection and minimize any large consequence to the public from the nuclear disasters, because an exposure dose of <250 mSv may not cause acute radiation symptoms ( Fig. 2) [19] . This was not instituted until 14 March 2011, days after the Fukushima NPP disaster. From 1 November 2011, emergency dose limits were further modified to 100 mSv for any new emergency workers. After 16 December 2011, dose limits for all emergency workers were restored to 100 mSv under normal working conditions, with the exemption of 250 mSv for specialists highly trained and experienced in operating the reactor cooling systems and in maintaining the facilities for suppressing the radioactive material emissions. This exemption was eventually removed on 30 April 2012. As the Japanese Government ordered decontamination work and the management of the resulting radioactive wastes for the NPP and affected areas in Fukushima Prefecture, radiation protection of the decontamination workers was also mandated [20] . The total dose limit for these workers was set at 100 mSv for 5 years, not exceeding 50 mSv for any one year. In the early phase after the Fukushima accident, recovery of the cooling system was the first priority for minimizing the risk of reactor explosion, even though the workers involved were thought to be exposed to high doses of radiation in the carrying out of this task. After that, the workers were engaged in stabilization of the reactor, mitigation of radioactive materials emission to the environment, and water decontamination. Radiation exposure limits for emergency work should be modified according to their duties, even within an emergency exposure situation. However, these exposure limits heavily rely on accurate dose measurements. Accurate dose measurements and exposure dose control for emergency workers are extremely important in order to ensure proper radiation protection.
IMPROVED DOSIMETRY
There were difficulties in accurate radiation dose measurements after the Fukushima accident because many personal dosimeters were lost due to the tsunami [21] . Therefore, personal dose calculations were initially performed from a combination of manual dose measurements and work task recordings for each worker [21, 22] . Manual dose calculations were conducted by allocating only one personal dosimeter to each working group within the same workspace area during the period of 15-30 March 2011 [21] . The major drawback to this approach was that it overlooked some extreme exposures for individual workers, since highly radioactive contaminated waste was widely and sporadically dispersed during this period. In response to this issue, MHLW instructed TEPCO to provide each and every worker with a personal dosimeter, and TEPCO collected some dosimeters from other domestic NPPs. The manual dose calculations resulted in a substantial delay in obtaining accurate measurements of individual exposure doses. Eventually, MHLW delegated the consolidation of the radiation dose management to private corporations and organized a dedicated team to search for former emergency workers for whom contact had been lost. Furthermore, MHLW introduced emergency preparedness guidelines in case another similar accident occurs [21, 22] .
ADMINISTRATION OF STABLE POTASSIUM IODINE
Stable iodine can block the uptake of radioactive iodine by the thyroid [23] . Medical interviews were required for the workers and the public to screen out those with iodine hypersensitivity due to allergic reactions or thyroid disease. The Nuclear Safety Commission of Japan advised that workers who were exposed to an equivalent dose of 100 mSv to the thyroid should take stable iodine in the form of a 100-mg KI tablet on the first day and a 50-mg KI tablet every subsequent day for a maximum of 14 days. Later on, the Nuclear Regulation Authority mandated the predistribution of KI by the local government in response to future radiation accidents [24] . Approximately 2000 workers at the NPP were given KI during the emergency response phase. Although most of them took fewer than 10 tablets, the maximum taken by any one worker was 87 tablets [25] . A thyroid function test was carried out for 229 workers who continuously received KI for 14 days or a total of >20 tablets. The thyroid dose for each worker has not been identified. Thyroid dysfunction, such as increased levels of thyroid-stimulating hormone and decreased levels of thyroxin, was only transiently observed in the emergency workers. These parameters returned to normal values after KI distribution was terminated.
OCCUPATIONAL HEALTH TRACKING
MHLW established an occupational health tracking system to follow up the workers at Fukushima Daiichi NPP in order to identify any incident-related diseases as early as possible and determine the health risks caused by radiation exposure (Fig. 3) . MHLW established guidelines for maintaining and improving the health of emergency workers at the TEPCO Fukushima Daiichi NPP on 11 October 2011. These guidelines describe methods for sustaining long-term health, development of an occupational health tracking database, and many other forms of support provided by the government for emergency workers [26] . All emergency workers are required by law to receive basic medical examinations during and after their involvement in radiation work. Workers exposed to an effective radiation dose >50 mSv received eye lens examinations, and those exposed to an effective radiation dose >100 mSv additionally had thyroid tests and cancer screenings. MHLW and TEPCO are tracking 97.6% of all emergency workers (18 874 out of a total of 19 346) for their long-term health control and cancer screening following these guidelines.
OCCUPATIONAL MEDICINE AND PREVENTATIVE CARE
The medical center within the NPP was damaged and was inaccessible to workers due to heavy destruction by the tsunami [27] .
As the Fukushima Prefectural Labor Bureau demanded TEPCO support the workers' mental and physical health, a total of 34 supporting physicians were then sent from the Japanese Association for Acute Medicine from 4 April to 31 August of 2011 [27] . The National Radiation Emergency Medical System of Japan consists of networks of primary, secondary and tertiary radiation emergency medical centers established by the Japanese government after the Tokai-mura accident of 1999. However, some primary radiation emergency medical centers could not be utilized because they were located within the 20-km evacuation zone of the NPP. In fact, radiation adversities were not the only health concerns. Many workers were required to be on standby beyond their normal working hours in case of any unexpected emergencies. They were forced to sleep all crowded together on the floor in a seismically resistant building or in a gymnasium of the Fukushima Daiichi NPP. Occupational health physicians and nurses were recruited to provide mental health checkups and consultations for workers under such hardships [28] . Although MHLW demanded TEPCO to undertake daily work from 2-5 p.m. [22] , during July and August which are the hottest months of summer, workers were later allowed some flexibility. They were allowed to take sufficient breaks and shift their working time to early mornings during those months.
RADIATION DOSE ESTIMATION
Among the 31 383 workers who worked at the Fukushima NPP, only 173 had a cumulative effective dose (combining internal and external radiation exposure) of >100 mSv from March 2011 to December 2013 ( Fig. 4, Table 1 ). Six emergency workers exceeded the dose limit of 250 mSv, and the maximum dose was only 670.36 mSv during the first month after the Fukushima incident ( Fig. 4 , Table 1 ) [21, 29] . The maximum cumulative dose for workers was 678.8 mSv from March 2011 to September 2013 (Table 1) . WHO summarized a detailed assessment of internal exposure and thyroid doses of those workers [12, 30] . For the highest exposure, it was found that 590 mSv of the total dose was from internal exposure ( Table 2 ). This worker's high internal exposure was presumably due to improper use of the charcoal filter cartridge in the respiratory protective equipment. Thyroid doses from 131 I for workers until 5 February 2012 are shown in Table 3 . No workers exceeded a cumulative effective dose of 100 mSv after April 2011. The average effective dose amongst emergency workers during the Fukushima incident was 12.44 mSv, and 65% of the workers were exposed to a radiation dose of <10 mSv; almost 99% of the workers at the Fukushima NPP were exposed to a radiation dose of <100 mSv (Fig. 4) . Biodosimetry using the dicentric chromosome assay was carried out by the National Institute of Radiological Sciences from 21 March -1 July 2011 for 12 emergency workers who were thought to have been exposed to a high dose of radiation. The results showed that the estimated maximum exposure dose for emergency workers was <300 mGy, with a mean value of ∼101 mGy [31] . No ARS was observed among these workers. Fig. 4 . Radiation exposure doses of workers at Fukushima incident. Aotal of 31 383 workers were engaged in emergency work after the Fukushima incident. During the first month after Fukushima incidence, 173 workers exceeded 100 mSv of combined cumulative effective dose of internal and external radiation exposure (highest was 670.36 mSv). Thereafter, workers who were exposed to >100 mSv were not reported. The average effective dose was 12.5 mSv amongst emergency workers from March 2011 to September 2013 at Fukushima incident. Fig. 3 . Long-term health care for emergency workers. Since the emergency dose limit increase to 250 mSv, long-term health care of emergency workers has been provided by the government. Medical examination will be carried out according to the exposure doses of workers.
Whole-body counter measurements of decontamination workers revealed that the levels of internal Cs, 134Cs and 137Cs, exposure among the decontamination workers were below detection limits [32] .
HEALTH PROBLEMS OF EMERGENCY WORKERS
No deaths have been reported for the Fukushima NPP emergency workers as a result of radiation exposure. Neither were any cases of acute health problems resulting exclusively from radiation exposure reported. Therefore, the occurrence of deterministic risks is thought to have been minimized in those workers. Fortunately, the Fukushima area residents and emergency responders have not been exposed to radiation doses higher than the threshold for tissue reaction induction.
In addition to radiation risks, workers engaged in response and recovery efforts were exposed to multiple non-radiation health risks. Many of them may have other physical and mental health problems [28, 33, 34] . For example, the risk of heat illness was relatively higher in these workers, as they worked long hours under the blazing sun while wearing heavy equipment for radioprotection [34] . Workers Total 522 also faced severe psychological stress stemming from the fear of additional explosions at the Fukushima NPP and subsequent exposure to high doses of radiation [33] . Occupational health interventions for emergency radiation workers should incorporate all of the potential occupational health and safety concerns, and not be limited to radiation risks. During the first month after the accident, 25 workers became sick or injured from non-radiation causes, and 31 workers complained of poor general health. One worker even suffered a heart attack on 14 May 2011, unrelated to radiation exposure. After these findings were evaluated, non-radiation-associated occupational injuries were kept minimal, and mental health concerns were addressed.
EVALUATING OCCUPATIONAL HEALTH INTERVENTIONS BASED ON PREPAREDNESS
The Japanese MHLW encouraged the implementation of several occupational health interventions after the Fukushima NPP accident, including the promulgation of new radiation exposure limits regarding the exceptional Ordinance on Prevention of Ionizing Radiation Hazards in response to the situation resulting from Tohoku-Pacific Ocean Earthquake in 2011, improving radiation dosimetry, stable iodine administration, developing an occupational health tracking system, and providing occupational medicine and preventative care. These efforts have been successful at minimizing workers' radiation exposures and associated adversities, as is evidenced by the <1% of workers who were exposed to a radiation dose of >100 mSv (173 of 31 383 workers) and the complete absence of any reported deaths or injuries linked to radiation exposure.
In the Chernobyl accident, 134 cases of ARS were diagnosed among NPP employees and first responders, who were exposed to a radiation dose >6.5 Gy [35] , but no cases of ARS were reported amongst the general public [36] . The average effective dose from external irradiation was 120 mSv among the 530 000 workers engaged in decontamination work after the Chernobyl accident [36] . In 1999, a nuclear accident occurred at the uranium conversion plant in Tokai-mura, Japan. Three workers were severely exposed to neutron and γ-rays and subsequently developed ARS [37] . In comparison with the Chernobyl and Tokai-mura accidents, it can be said that the radiation exposure of emergency workers for the Fukushima accident was relatively minimized.
Based on experiences at Fukushima, a storage space must be placed within a safe and reasonable distance from any NPP to accommodate supplies and equipment for medical facilities that are part of an NPP. Furthermore, the relevant parties in the council of the medical care system should conduct specialized medical examinations as suitable for the range of emergency work situations. WHO reported that mental, psychological and central nervous system changes in workers following the Chernobyl accident were due to the psychological stress resulting from the fear of radiation exposure [38] . A similar scenario can be outlined for the Fukushima case as well. It is necessary to continue monitoring mental health amongst radiation emergency workers and to provide proper mental health care services [26] . It is important to provide effective health care services, not only for prevention of unnecessary radiation exposure but also for treating other health risks, such as heat disorders and infectious diseases.
From lessons learned about emergency work at the TEPCO-run Fukushima Daiichi NPP, a standard guideline is required for preparedness in managing occupational exposure that can be applied in the event of any nuclear disasters. Sufficient occupational health protection measures and systematic preparation for radiation exposure management must be specified in such guidelines. In the Fukushima accident, the tsunami destroyed exposure control systems that were located in the Fukushima NPP and lost radiation-monitoring materials. In order to resolve this issue, various experts contributed to the establishment of a network of systems to support the radiation protection of workers by controlling the radiation exposure of emergency workers. Control department and monitoring systems should be prepared assuming the case of insufficient materials resulting from major complex disasters. In order to minimize the radiation exposure of the workers, decontamination should be started after measuring the workers' baseline radiation dose, and conducted under the direct orders of an operation leader in accordance with a proper work plan.
CONCLUSION
The Japanese national government and the main companies involved in the radiation emergency response held great concern for the health of all emergency workers, as is evident from the establishment or revision of occupational health interventions to protect their health. While almost all workers were exposed to a low radiation dose (<100 mSv), long-term occupational health interventions, including general medical checks and mental health care, have been successful in protecting their health. To date, no deaths or radiation adversities have been reported amongst the radiation emergency workers. Ongoing long-term occupational health interventions are necessary to physically, mentally and morally care for the emergency workers who put their health and lives at high risk to protect the nation at large.
